In the cornea, healing of the wounded avascular surface is an intricate process comprising the involvement of epithelial, stromal and neuronal cell interactions. These interactions result to the release of various growth factors that play prominent roles during corneal wound healing response. Bone morphogenetic proteins (BMPs) are unique multi-functional potent growth factors of the transforming growth factor-beta (TGF-β) superfamily. Treatment of corneal epithelial cells with substance P and nerve growth factor resulted to an increase in the expression of BMP7 mRNA. Since BMP7 is known to modulate the process of corneal wound healing, in this present study, we investigated the influence of exogenous rhBMP7 on human corneal epithelial cell and stromal cell (SFs) function. To obtain a high-fidelity expression profiling of activated biomarkers and pathways, transcriptome-wide gene-level expression profiling of epithelial cells in the presence of BMP7 was performed. Gene ontology analysis shows BMP7 stimulation activated TGF-β signaling and cell cycle pathways, whereas biological processes related to cell cycle, microtubule and intermediate filament cytoskeleton organization were significantly impacted in corneal epithelial cells. Scratch wound healing assay showed increased motility and migration of BMP7 treated epithelial cells. BMP7 stimulation studies show activation of MAPK cascade proteins in epithelial cells and SFs. Similarly, a difference in the expression of claudin, Zink finger E-box-binding homeobox 1 was observed along with phosphorylation levels of cofilin in epithelial cells. Stimulation of SFs with BMP7 activated them with increased expression of α-smooth muscle actin. In addition, an elevated phosphorylation of epidermal growth factor receptor following BMP7 stimulation was also observed both in corneal epithelial cells and SFs. Based on our transcriptome analysis data on epithelial cells and the results obtained in SFs, we conclude that BMP7 contributes to epithelial-to-mesenchymal transition-like responses and plays a role equivalent to TGF-β in the course of corneal wound healing.
Introduction
In the cornea, endogenously produced growth factors play a crucial role in modulating the functions of corneal epithelial and stromal cells [1] [2] [3] . A multitude of growth factors including epidermal growth factor (EGF), transforming growth factor-alpha and beta (TGF-α and -β), keratinocyte growth factor, fibroblast growth factor, hepatocyte growth factor, insulin-like growth factor, platelet-derived growth factor along with inflammatory cytokines such as interleukin (IL)-1, IL-6 and tumor necrosis factor (TNF)-α play important roles by influencing the migration, mitosis, proliferation and differentiation of corneal cells [4, 5] . In conjunction, neurotrophic factors produced in the cornea elevate expression levels of vital growth factors and alter the corneal cell functions [6] [7] [8] .
Similarly, corneal epithelial cell-derived growth factors also influence the function of corneal stromal cells [2] .
TGF-β superfamily is one of the most important groups of cytokines involved in orchestrating the course of various essential cellular functions in the cornea [9, 10] . The bone morphogenetic proteins (BMPs) are secreted, multifunctional, potent growth factors constituting the largest subgroup of the TGF-β superfamily [11] . The cellular responses stimulated by BMPs are mediated by two types of activated transmembrane serine/threonine kinase receptors, type I (BMPR-IA and BMPR-IB) and type II (BMPR-II) [12] . Subsequent signaling events are mediated by both, Smad-dependent and -independent pathways [13] . During BMP stimulated cellular signal transduction, the specifically triggered signaling pathway is reliant on the cellular activity, extracellular factors and crosstalk with other signaling cascades [14] . In general, BMP-mediated signaling is controlled intracellularly by methylation and inhibitory Smads and extracellularly by its antagonists [15, 16] . BMPs are extensively expressed in the course of mammalian development and exert effect on numerous cellular functions with a wide range of biological activities on various cell types including development, morphogenesis, proliferation and extracellular matrix synthesis [17] . Throughout the development of the eye, BMP signaling has been shown to be pivotal in the regulation of early eye development [18] , differentiation of retina [19] , development of lens [20] and ciliary body [21] . Various BMPs (BMP2, -3, -4, -5 and -7) and their receptors have been shown to be expressed in the corneal epithelium and stroma [22, 23] . BMPs, by inducing the expression of extracellular matrix components, also facilitate migration of cells during wound healing [24] .
After injury, intracellular signaling cross-talk, due to the release of different growth factors at the wound site, collectively culminates to cell motility, migration and wound closure [24] . Likewise, in the course of growth factor-mediated signaling, cross-communication between different signaling pathways is eminent in different cell types which play an essential role in mediating activation of various signaling cascades and cellular functions [16, 25] . For example, G-protein-coupled receptors and cAMP are known to use epidermal growth factor receptor (EGFR) to trigger downstream mitogenic signaling events [26] [27] [28] . In the same way, BMP7 also regulates the activation of EGFR [29] . In the cornea, EGFR transactivation through non-EGF ligands influences the differentiation of corneal stromal cells [30] as well as epithelial wound healing [31, 32] .
Of all the BMP family members, BMP7 functions as an indispensable signaling molecule during mammalian eye development [33] . Overexpression of BMP7 h.s been shown to effectively modulate cell proliferation [34] , Smad signaling in mouse [35] and rabbit corneas [36] . Similar to TGF-β [37] , BMP7 is also known to be involved in the progression of EMT [38] along with its role in wound healing [35, 39] . Furthermore, in our previous study, we also observed differences in the expression of BMP7 during corneal epithelial and neuronal interactions [40] . Since BMP7 plays an important role as a trophic factor [41] as well as in sustaining the epithelial phenotype [42] and modulating the function of corneal cells, the present study is designed to investigate the influence of exogenous recombinant human BMP7 (rhBMP7) on corneal epithelial cells and corneal stromal fibroblasts (SFs) functions in vitro. Furthermore, we also performed transcriptome-wide gene-level expression profiling of corneal epithelial cells in the presence of rhBMP7 to obtain a high-fidelity expression profiling of activated biomarkers and pathways.
Results

Elevation of BMP7 mRNA Expression after Treatment of Telomerase-Immortalized Human Corneal
Epithelial (hTCEpi) Cells with Substance P (SP) and Nerve Growth Factor (NGF)
In the presence of neuropeptides SP and NGF, hTCEpi cells showed enhanced expression of BMP7 mRNA. Corneal epithelial cells, after 24 h of treatment with SP, showed 6.2-fold increase in the expression of BMP7 mRNA whereas treatment with NGF also resulted to 3.8-fold increased expression compared to the control untreated cells (Figure 1 ).
Figure 1.
Relative expression levels of BMP7 mRNA in hTCEpi cells after treatment with SP (10 −5 M) and NGF (100 ng/mL). Total RNA was isolated from SP and NGF treated hTCEpi cells after 24 h. Reverse transcription was performed using 1 µg of total RNA to prepare cDNA and qRT-PCR was performed to find differences in the expression levels of BMP7 mRNA. Relative expression pattern was analyzed by the comparative threshold cycle (2 −∆∆Ct ) method. Expression values were represented as fold change over the control on an arbitrary scale after normalization with GAPDH. Data represent mean ± standard deviation of three independent experiments. The p-values of <0.05 were considered statistically significant and are indicated by asterisks (*).
Gene Expression Profiling (GEP) of Recombinant Human BMP7 (rhBMP7) Stimulated hTCEpi Cells
Since treatment of SP and NGF enhanced the expression levels of BMP7 mRNA, we also studied the consequences of BMP7 on epithelial cell function by performing GEP of BMP7 stimulated epithelial cells. After treatment of hTCEpi cells with BMP7 for 24 h, cells were collected to isolate RNA and gene level differential expression analysis was performed using Clariom™ S arrays. Of the 21,448 genes analyzed, 2026 genes were found to be differentially expressed (1257 genes were up-regulated and 769 genes were down-regulated) after treatment of hTCEpi cells in the presence of BMP7 comparing to the control untreated cells (Figure 2 ).
Graphical representation of the distribution of differentially expressed genes is shown in Figure S1 . An up-regulation of SMAD family member 6 (SMAD6), a natural inhibitor of BMPs signaling [43] , in BMP7 treated epithelial cells (56-fold) serves as a positive control in our present study. Gene ontology analysis confirms differential expression of 11 out of 18 genes that are responsive to BMP stimulus in this present study: up-regulation of desmoglein 4 (DSG4), SMAD6, SMAD7, SMAD9, inhibitor of DNA-binding 1 (ID1), BMP2, distal-less homeobox 5 (DLX5), proprotein convertase subtilisin/kexin Type 6 (PCSK6), ADAM metallopeptidase with thrombospondin type 1 motif 7 (ADAMTS7), SKI-like proto-oncogene (SKIL); and down-regulation of twisted gastrulation BMP signaling modulator 1 (TWSG1). The most significantly impacted pathways, after stimulation of corneal epithelial cells with BMP7, were TGF-β signaling pathway and cell cycle (with p < 0.05) ( Table 1 ).
Figure 2.
Hierarchal illustration of the differentially expressed genes in hTCEpi cells after treatment with BMP7 (100 ng/mL). Both twofold upregulated and downregulated genes were clustered. Untreated hTCEpi cells were served as control. After 24 h of treatment with BMP7, RNA was isolated and transcriptome-wide gene level expression profiling was performed using Clariom ™ S arrays. Array scanning and data analysis were performed using Affymetrix ® Expression Console ™ software (v.1.4.1) that provides signal estimation and quality control functionality for the expression arrays, and the Affymetrix ® Transcription Analysis Console (TAC) software (v.3.1), which performs statistical analysis and provides a list of differentially expressed genes. Expression level analysis was performed using the normalization method based on the processing algorithm called robust multi-array average (RMA) which was improved by Signal Space Transformation (SST-RMA, Affymetrix). Each array was performed in triplicates. Significantly impacted biological processes after BMP stimulation were arranged according to the p-value (p < 0.05). Differentially expressed genes in relation to the total number of genes in that process were denoted along with the gene ontology (GO) identifier. The GEP data was analyzed using Advaita Bio's iPathwayGuide (http://www. advaitabio.com/ipathwayguide).
A complete list of genes with most profound differential expressions after BMP7 treatment compared to control in hTCEpi cells, with a cutoff of Anova p-value 0.001 and fold change 8 or −8, are given in Table 3 . Genes with most profound differential expressions after BMP7 treatment compared to control in hTCEpi cells (Filters used: Anova p-value 0.001 and fold change 8 or −8, respectively).
qRT-PCR Validation of the Transcriptome Analysis Data
To further validate the transcriptome analysis data obtained after treatment of hTCEpi cells with BMP7, we performed qRT-PCR of some selected up-regulated transcripts using RNA isolated from BMP7 treated hTCEpi cells. Differential expression of various cytoskeletal proteins, ID proteins and metabolic enzymes were analyzed and confirmed. Microarray data of ID1 and ID2 shows an up-regulation of 37.6-fold and 8.3-fold, whereas qRT-PCR shows 15.7-fold and 7.7-fold. ( Figure 3A ). Of the analyzed cytoskeletal proteins DSG4 and epsin 3 (EPN3), microarray data show an up-regulation of 43.5-fold, 13.6-fold, whereas qRT-PCR data show an up-regulation of 43-fold and 5-fold ( Figure 3B ). Similarly, of the analyzed metabolic enzymes lysyl oxidase (LOX), dual specificity phosphatase 14 (DUSP14), transglutaminase 5 (TGM5), crystallin alpha B (CRYAB) and ATPase, Na + /K + transporting, beta 1 (ATP1B1), microarray data show an up-regulation of 20-fold, 10-fold, 96-fold, 28-fold and 12.8-fold, whereas qRT-PCR data show 15-fold, 15.6-fold, 10-fold, 4.3-fold and 2.3-fold ( Figure 3C ). Validation of the Clariom ™ S array identified differentially expressed transcripts. hTCEpi cells were cultured in the presence of 100 ng/mL BMP7 and RNA was isolated after 24 h. Reverse transcription was performed using 1 µg of total RNA to prepare cDNA and qRT-PCR was performed to find differentially expressed transcripts using respective primers. (A) ID proteins (ID1 and ID2); (B) cytoskeletal proteins (DSG4 and EPN3); and (C) metabolic enzymes (LOX, DUSP14, TGM5, CRYAB, and ATP1B1) differential expression was analyzed using respective primers. Relative expression pattern was analyzed by the comparative threshold cycle (2 −∆∆Ct ) method. Expression values were represented as fold change over the control on an arbitrary scale after normalization with GAPDH. Data represent mean ± standard deviation of three independent experiments. p-values of <0.05 were considered statistically significant and are indicated by asterisks (*).
Influence of rhBMP7 on the Migration of hTCEpi Cells
Based on our GEP data, we further studied the effect of BMP7 on epithelial cell motility and migration by performing a scratch wound healing assay. We observed an enhanced motility and migration of epithelial cells in the presence of BMP7. During scratch assay, BMP7 treated corneal epithelial cells filled the scratch area much faster than untreated control cells. Cell migration was represented as number of cells filling the central gap area after making the scratch. We observed a significant increase in the number of migrating cells after BMP7 treatment in conditions, 10 and 24 h, after making the scratch compared to the control cells (Figure 4 ). Wound healing scratch assay was made on 24 h growth factor-starved, confluent hTCEpi cells by scratching a line across the bottom of the culture dish. BMP7 was added (100 ng/mL) to the culture media and the cell motility and migration was observed at time points 10 and 24 h. The micrographs show the extent of scratch closure obtained under control conditions compared to those with the addition of BMP7. Cell migration quantification was evaluated by counting the number of cells in the central gap. Three independent experiments were performed and a representative result is shown. p-values of <0.05 were considered statistically significant and are indicated by asterisks (*).
Stimulation of hTCEpi cells and Stromal Fibroblasts (SFs) by rhBMP7 Activates Vital Signaling Molecules
Since the corneal stromal cells also plays an equivalent role along with epithelial cells during wound healing response, we also included SFs along with epithelial cells in the present study to investigate the influence of BMP7-mediated signaling events. Stimulation of hTCEpi cells and SFs with BMP7 resulted to the activation of cellular signal transduction cascades after the addition of BMP7. Increased protein tyrosine phosphorylation, an indispensable mechanism of signal transduction, was observed after the addition of BMP7 to both hTCEpi cells and SFs ( Figure 5 ). Studies corresponding to the effect of BMP7 on primary SFs also showed an increased activation of p44/42 MAPK after 5 min along with p38. Activation of p44/42 MAPK and p38 was observed to sustain until 6 h. An increased phosphorylation of SAPK/JNK was observed at 30 min after BMP stimulation which was transient until 2 h after stimulation ( Figure 6B ). Amounts of the β-actin protein levels which were detected with an anti-β-actin antibody served as a loading control. Differences in the phosphorylation levels (p44/42 MAPK, SAPK/JNK and p38) were quantified using ImageJ software and the values were normalized to the corresponding β-actin signal. Data represent mean ± standard deviation of the phosphorylation levels shown as arbitrary units from more than three independent experiments. One representative immunoblot of at least three independent experiments is shown.
As EMT-like phenomenon is also an important process during epithelial wound healing, we also considered to evaluate important activated EMT-related signaling molecules following BMP7 stimulation in hTCEpi cells. After BMP7 stimulation, differences in the phosphorylation levels of cofilin, a member of actin binding family, was observed which was decreased gradually by 48 h. Likewise, a decrease in the expression of claudin was also observed. Furthermore, we also observed an increase in the expression of transcription factor Zink finger E-box-binding homeobox 1 (ZEB1) immediately after stimulation with BMP7, which reaches its endogenous levels after 48 h of stimulation. A slight increase in the phosphorylation of ezrin/radixin/moesin (ERM) was also detected in epithelial cells upon stimulation with BMP7 ( Figure 7 ). Activation of EMT-related signaling molecules in epithelial cells following the stimulation of BMP7 (100 ng/mL). Total protein lysates were collected at time points 5 min, 30 min, 2, 6, 24 and 48 h and subjected to immunoblot analysis. Differences in the phosphorylation levels (ERM and cofilin) and total protein levels (Zeb1 and claudin) was observed and quantified using ImageJ software and the values were normalized to the corresponding β-actin signal. Data represent mean ± standard deviation of the phosphorylation levels or total protein levels shown as arbitrary units from more than three independent experiments. One representative immunoblot of at least three independent experiments is shown.
Expression of α-smooth muscle actin (SMA) in stromal cells is an important phenomenon of transforming into repair phenotype during wound healing response. To study the role of BMP7 in transforming SFs into myofibroblasts, SFs were cultured in the presence of BMP7 and α-SMA expression was analyzed by immunocytochemistry. Figure 8A -C represent control SFs. We observed expression of α-SMA in SFs after 72 h treatment with BMP7 ( Figure 8D ,E) which indicates transformation of SFs into active myofibroblasts. Additionally, we also observed an increase in the vinculin stained focal adhesions, which regulate cell migration, upon stimulation with BMP7 ( Figure 8F ). TGF-β1 stimulated SFs served as a positive control ( Figure 8G -I) in our experiments. Furthermore, in contrast to our observations in corneal epithelial cells, we observed decreased expression of phosphorylated ERM, Zeb1 expression and increased phosphorylation of cofilin in SFs following BMP7 stimulation after 24 h ( Figure S4 ). 
Elevated Phosphorylation of Epidermal Growth Factor Receptor (EGFR) Following rhBMP7 Stimulation
Stimulation of hTCEpi cells and SFs with BMP7 also resulted to the activation of EGFR along with MAPK signaling pathway. Elevated phosphorylation of EGFR at Tyr1045 and at Tyr992 was observed immediately after BMP7 stimulation ( Figure 9) . In epithelial cells, phosphorylation of EGFR at Tyr1045 and Tyr992 reached its maximum by 30 min and decreased gradually to its normal endogenous levels after 24 h of stimulation ( Figure 9A ). In SFs, we observed sustained activation of EGFR at Tyr992 until 48 h of stimulation whereas EGFR at Tyr1045 reached its endogenous levels by 48 h of stimulation with BMP7 ( Figure 9B ). No differences were observed in the total EGFR protein levels during the course of BMP7 stimulation. Similarly, compared to the BMP7 stimulation alone, no difference in the phosphorylation of EGFR observed when the epithelial cells were stimulated with BMP7 in the presence of its antagonist noggin ( Figure S3B ). Figure 9 . Activation of EGFR following BMP7 stimulation in (A) hTCEpi cells and (B) SFs. After BMP7 stimulation (100 ng/mL), total cell protein lysates were collected at time points 5 min, 30 min, 2, 6, 24, and 48 h and subjected to immunoblot analysis. Phosphorylation of EGFR at Tyr1045 and Tyr992 were analyzed using respective antibodies. Total EGFR protein levels were used to compare and calculate the differences in the phosphorylation levels. Differences in the phosphorylation levels (Tyr1045 and, Tyr992) were quantified using ImageJ software and the values were normalized to the corresponding total EGFR signal. Data represent mean ± standard deviation of the phosphorylation levels shown as arbitrary units from three independent experiments. One representative immunoblot of at least 3 independent experiments is shown.
Discussion
In the human cornea, interactions between stromal and epithelial cells as well as epithelial and neuronal cells [44] [45] [46] play an important role in modulating the corneal function. In our previous study, we showed an increase in the expression of neuropeptide SP during corneal epithelial-trigeminal neuron interactions [40] . Similarly, NGF also produced constitutively in the human cornea by epithelial cells, SFs and modifies their functional activities [8, 47] . Both SP and NGF are known to upregulate TGF-β1 mRNA and potentiate its production [6, 7, 48] . Since neuropeptides also regulate the corneal epithelial and stromal cell function [8, [49] [50] [51] , we also studied the effect of SP and NGF on the expression of BMP7 mRNA. Similar to the brain-derived neurotrophic factor induced expression of BMP7 [52] , we also observed an enhanced BMP7 mRNA expression in corneal epithelial cells upon stimulation with SP and NGF whereas no such difference was observed in SFs. Thus, based on this observation along with the prominent role of BMP7 signaling in the modulation of cellular interactions [33] , this study was designed to evaluate the effect of exogenous rhBMP7 on corneal epithelial and stromal cell function. Transcriptome-wide gene-level expression profiling demonstrates relatively high number of differentially expressed genes as a result of rhBMP7 treatment on corneal epithelial cells. BMP7 treated corneal epithelial cells shows upregulation of TGF-β, cell cycle, JAK-STAT and MAPK signaling pathways. Further, gene ontology analysis predicts BMP7 involvement in the regulation of various vital biological processes such as regulation of cell cycle, cytoskeleton, intermediate filament and microtubule organization. BMP7 modulation of all these vital processes in corneal epithelial cells highlights its strong impact on epithelial cell function. In our study, of all differentially expressed BMP7 responsive genes, only TWSG1 was found to be downregulated. TWSG1 functions as an antagonist to BMPs [53] and its downregulation suggests a stimulatory function for BMP signaling [54] . In this context, its downregulation in corneal epithelial cells further confirms the activation of BMP signaling pathway. Among the various BMP target genes, we observed activation of ID1, ID2, ID3, FOXN1, SMAD6, SMAD7, DUSP1, BAMBI, BMP2, and MSX2 genes [55] [56] [57] after stimulation of corneal epithelial cells with BMP7. Subsequently, different DUSPs are also observed to be upregulated in our study similar to the treatment of BMP6 [55] . Epsin 3 is known to serve an important function in activated epithelial cells during tissue morphogenesis [58] and BMP7 stimulated expression of Epsin 3 in corneal epithelial cells may also help in modulating the activation of epithelial cells. Furthermore, LOX, a copper-containing amine oxidase which is known to be upregulated by BMP2/4 [59] , is also upregulated upon BMP7 stimulation of corneal epithelial cells. Since LOX is also an inducer of EMT-like response [60, 61] , its upregulation denotes possible involvement of BMP7 in EMT-like phenomenon of corneal epithelial cells.
During BMP7 stimulation of corneal epithelial cells, we observed changes in some of the actin cytoskeleton regulating molecules and EMT-related proteins. Cofilin is an actin binding phosphoprotein and different cellular responses alter its phosphorylation levels [62, 63] . Phosphorylation inactivates cofilin and cells require dephosphorylated cofilin to induce actin assembly and lamellipodium extension to ensue cell motility [64, 65] . The observed gradual dephosphorylation of cofilin after BMP7 stimulation may activates cofilin and plays crucial role in the regulation of actin cytoskeleton remodeling, an important determinant of cell motility. By linking actin filaments to plasma membrane, ERM proteins involved in cell-cell adhesion, cytoskeleton organization as well as in signaling [66] . Furthermore, ERM protein phosphorylation is shown to be important for cell movement [67, 68] and the observed small increase in the phosphorylation levels following BMP7 stimulation may contribute to the motility of cells. Additionally, tight junction (TJ) protein claudin also functions as a motility molecule [69] and its decreased expression enhances cell migration [70] in certain cell-types. Similarly, during the initiation of EMT, disrupted TJs lead to the reduced expression of claudin and other TJ proteins [71, 72] . The observed decline in the claudin expression levels following BMP7 stimulation, along with decreased phosphorylation of cofilin, may also contribute to enhance cell migration and motility in corneal epithelial cells. Apart from the progression of EMT [72] , Zeb1 is also participates in regulation of cell proliferation [73, 74] and its expression is known to be induced by TGF-β and growth factor activated MAPK signaling pathways [75] [76] [77] . Similar to these reports, the observed increase in Zeb1 expression after BMP7 stimulation accompanied by increased MAPK pathway may correlate cell proliferation and EMT-like phenomenon in our study.
Adaptation of cells from a sedentary to the migratory phenotype is an important process of EMT [78] . Activation of MAPK cascade components (ERK1/2, JNK and p38) is essential for the movement of corneal epithelial cells [79] [80] [81] as well as EMT [82] . Additionally, BMP7 stimulation also leads to the activation of MAPK pathway [38, 83, 84] and is involved in both progression [38] as well as reversal of epithelial-to-mesenchymal transition (EMT)-like phenomenon [85] . Upon stimulation with BMP7, corneal epithelial cells show persistent activation of MAPK cascade proteins p44/42 MAPK and p38 up to 48 h, whereas JNK was activated only transiently. Since it is known that activated MAPK cascades facilitate expression of EMT-associated transcription factors [72] , BMP7 induced MAPK proteins also may participate in the initiation of EMT-like responses. Taking together, our results along with literature reports support the notion that BMP7 may play an important role in the EMT-like phenomenon during corneal epithelial cell migration.
During corneal tissue repair, stimulation by growth factors activates p44/42 MAPK and p38 proteins, but not of JNK, and their cross talk is essential to synchronize the dynamics of wound healing process [86] . Accordingly, we also found activated p44/42 MAPK and p38 pathways following BMP7 stimulation in corneal epithelial cells and SFs. Activation of JNK was only transient following BMP7 stimulation and reaches its endogenous levels. Generally, in the corneal cells JNK is activated under stress-related circumstances [87, 88] and inhibition of its activation potentially increases the damage repair response [88] . Furthermore, since JNK is also known as stress-activated protein kinase and its activation is dependent mainly on the type of stimulation [89] , in our study, signaling events initiated by BMP7 stimulation may drive cell survival mechanisms by suppressing the activation of JNK and thereby enhance repair process. Similarly, stimulation of p44/42 MAPK and p38 is necessary for the α-SMA expression and transformation of fibroblasts into myofibroblasts [90] [91] [92] [93] [94] . In the present study, the observed activation of p44/42 MAPK and p38 following stimulation of SFs with BMP7 along with the expression of α-SMA may also suggest the involvement of activated MAPK cascade proteins in the differentiation of SFs into myofibroblasts.
Another important aspect of the present study is documentation of the cross talk between BMP7 and EGFR signaling. EGFR, with its intrinsic tyrosine kinase activity, triggers signaling pathways related to migration, proliferation and EMT [95] . EGFR serves as a predominant receptor for multiple ligands and is activated by endogenous growth factors such as EGF and TGF-α [96] . Activated EGFR plays an important role in the corneal epithelial cell and SFs proliferation and migration [97, 98] . Correspondingly, in the present study, during stimulation with BMP7, EGFR was activated, phosphorylated at Tyr1045 and Tyr992 without any change in the total EGFR protein levels and its phosphorylation levels remain elevated for as long as 24 h. BMP7 regulation of EGFR was also reported in hepatic stellate cells [29] and astrocytes [99] which can modulate different cellular functions. Since EGFR-mediated signals reported to also activate MAPK cascades and thereby regulate diverse cellular functions [96, 100] , the ongoing cross talk between BMP7 and EGFR may have a potential role in corneal epithelial cell function and may enhance their migration. The documented augmentation of epithelial proliferation and migration after treatment with BMP7 could also reflect the synergistic consequence of activated EGFR. EGFR phosphorylation at Tyr992 acts as a high-affinity binding site for phospholipase Cγ and also activates MAPK cascade [101] , whereas phosphorylation of EGFR at Tyr1045 serves as a binding site for c-Cbl which inhibits EGFR signaling by inducing receptor degradation [102] . Moreover, activation of EGFR by TGF family members results in receptor recycling [96] as well as MAPK activation [103] . Nevertheless, because of the contrasting implications of EGFR phosphorylation at Tyr1045 as well as Tyr992, and since BMP7 phosphorylates EGFR at both tyrosine residues, it is challenging to conclude the outcome of BMP7 stimulated EGFR activation in corneal epithelial cells and SFs. Furthermore, as the activated EGFR stimulates signaling events necessary for the generation of cell contractile force [104, 105] through MAPK pathway [106, 107] the observed activation of EGFR and MAPK signaling by BMP7 may enhance cell motility and migration during wound healing in both corneal epithelial cells and SFs.
Even though we did not observe any difference in the BMP7 expression by SP and NGF in SFs, they still respond to BMP7 stimulation in a manner similar to epithelial cells indicating a role for BMP7-mediated pathways in wound healing. Similar to the corneal epithelial cells, primary SFs also show an increase in the tyrosine phosphorylation following BMP7 stimulation. SFs display characteristics similar to smooth muscle cells and transform into myofibroblasts by expressing focal adhesions in the presence of TGF-β [108] . Similarly, the observed increase in the expression of α-SMA and focal adhesions upon BMP7 stimulation shows that BMP7 mimics the role of TGF-β in SFs which may also assist in increasing their contractile activity [109] . Furthermore, BMP7 induced expression of α-SMA is also reported in hepatic stellate cells [110] . This is in contrast to the in vivo observations where the presence of BMP7 suppressed expression levels of α-SMA [35, 36] . In general, cellular response to growth regulating cytokines is influenced by the density of cells [111] , which further affect the number of receptors present on their surface. A decrease in receptor number with an increase in cell density was observed for EGF [112] , TNF [111] and TGF-β [113] receptors. Since BMP7 gene expression also resulted to the increased cell proliferation in vivo, occurrence of density-dependent reduction in BMP7 receptors may also happen due to the increased cell density, which may lead to the reduced BMP7 signaling and decreased expression of α-SMA in contrast to our observation of increased α-SMA expression in vitro. An increase in the levels of vinculin [108] , a major component of the focal adhesions, following BMP7 treatment further shows the activated state of SFs and supports our assumption.
Furthermore, since epithelial cell injury augments SFs myodifferentiation by increasing the secretion of TGF-β [114] , the observed increase of BMP7 mRNA in corneal epithelial cells and BMP7 stimulated α-SMA expression in SFs may also play a vital role during corneal wound healing response.
Taken together, our results indicate a close correlation between the actions of TGF-β and BMP7 in corneal epithelial and stromal cell function. Both cytokines belongs to the same TGF-β superfamily and share similar downstream canonical Smad-dependent signaling pathways [115] , display similar gene expression profiles [116] , and are known to induce EMT. Our transcriptome analysis data also revealed the activation of TGF-β signaling pathway in corneal epithelial cells following the addition of BMP7. TGF-β mediated increased expression of α-SMA transform fibroblasts into activated myofibroblasts. Similarly, in this study, we also showed BMP7 mediated expression of α-SMA in SFs which may activate and transform them into myofibroblasts. TGF-β can induce activation of MAPK cascades, transactivation of EGFR [27, 72] , and we also demonstrated the activation of MAPK cascade upon BMP7 stimulation in corneal epithelial cells and SFs along with transactivation of EGFR. TGF-β1-mediated transactivation of EGFR occurs during corneal stromal cell differentiation [30] and we also showed the EGFR transactivation by BMP7 in SFs. Similar to the regulation of TGF-β, BMP7 expression was also regulated by SP and NGF. Furthermore, BMP7-mediated cellular responses that were observed in the present study are shown in Figure S5 . In the corneal epithelial cells, BMP7 stimulated consequences including increased cell migration, increased Zeb1 levels, decreased claudin expression, activation of MAPK cascades and increased LOX expression were also reported to be EMT-like responses. Based on the results presented in this study, it is likely that BMP7 may also contribute to EMT-like responses and play a role equivalent to TGF-β during the course of corneal tissue repair. Furthermore, our transcriptome analysis data on corneal epithelial cells can be helpful to comprehend differentially expressed genes and activated pathways and may contribute to the development of novel therapeutic targets.
Materials and Methods
Materials
The following antibodies used in the present study were purchased from Cell Signaling Coverslips and glass slides were from Marienfeld (Bonn, Germany). ECL prime detection western blotting reagent was purchased from Amersham and other western blotting reagents were from Bio-Rad (Munich, Germany). SP was purchased from Tocris (Wiesbaden-Nordenstadt, Germany). rh BMP7 (Cat No. 11343293) and rh TGF-β1 (Cat No. 11343161), rh NGF (Cat No. 11343354) were purchased from ImmunoTools (Friesoythe, Germany). rh noggin (Cat No. SRP4675) was purchased from Sigma-Aldrich (Munich, Germany). QuantiTect Reverse Transcription kit was purchased from Qiagen (Hilden, Germany), and the innuMIX qPCR MasterMix SyGreen was from Analytik-Jena (Jena, Germany). Primers were synthesized from Metabion GmbH (Martinsried, Germany). U0126 (Cat No. 9903) was purchased from Cell Signaling Technology (Frankfurt, Germany).
Cell Culture
This study was approved by the ethics committee of the University of Rostock and followed the guidelines of the Declaration of Helsinki.
Telomerase-immortalized human corneal epithelial cell line [117] (a kind gift of Prof. J. V. Jester, University of California, Irvine, CA, USA; authenticated and characterized according to ATCC standard protocols), between passages 22 and 30, was used in this present study. The hTCEpi cells were cultured in KGM-Gold™ growth medium (Lonza, Köln, Germany). Cells were sub-cultured on T75 tissue culture flasks (Sigma-Aldrich, Munich, Germany), incubated at 37 • C in 5% CO 2 and passaged every 5-7 days.
Primary human SFs were cultured using an explant culture method, in DMEM with low glucose (Sigma-Aldrich, Munich, Germany) supplemented with 10% FCS, after collecting corneas from donor cadavers. SFs were seen growing out of the corneal explants after 3-4 days. When outgrowing primary SFs reached a confluent monolayer, cells were trypsinized and sub-cultured. For experimental analysis, SFs of third passage was used. The mesenchymal origin of the cells was confirmed by vimentin antibody immune staining.
In the present study, cells were treated with 100 ng/mL of rh BMP7 [118] [119] [120] , which is less than the concentration of BMP7 used in other studies on corneal keratocytes and epithelial cells [34, 121] . No toxic effects on epithelial cells and SFs were observed while using rhBMP7. TGF-β1 expression is known to be increased during injury in cultured SFs [122] , which further helps SFs to differentiate into myofibroblasts [123] . Due to this reason, we also used TGF-β1 isoform at the concentration of 10 ng/mL in this present study. During stimulation of cells with BMP7 or TGF-β1, cells were growth factor-or serum-starved for 24 h before stimulation and cell culture media deprived of growth factors or serum was used. SP and NGF were used at the concentrations of 10 −5 M and 100 ng/mL.
Microarray Hybridization
The cells were lysed in RTL Plus buffer, part of the RNeasy Plus Kit (Qiagen, Hilden, Germany) and extracted according to the manufacturers protocol. The whole RNA samples were quantified spectrophotometrically (NanoDrop, Thermo Fisher, Darmstadt, Germany) and the integrity was controlled using the Agilent Bioanalyzer 2100 with the RNA Nano chip kit (Agilent Genomics, Waldbronn, Germany). RNA integrity number values between 9.0 and 9.8 were achieved and 200 ng were used as starting material. To perform the Expression Profiling, Affymetrix Clariom TM S Arrays were used according to the manufacturer's instructions (Affymetrix, St. Clara, CA, USA). The hybridization was carried out overnight at 45 • C in the GeneChip ® Hybridisation Oven 645 (Affymetrix). The microarray was scanned using the GeneChip Scanner 3000 (Affymetrix) at 0.7 micron resolution.
Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
Total RNA was isolated from cultured corneal epithelial cells or SFs using the NucleoSpin ® RNA kit (Macherey-Nagel, Berlin, Germany) according to the manufacturer's instructions. Single-stranded cDNA was prepared with 1 µg of total RNA using QuantiTect Reverse Transcription kit (Qiagen, Hilden, Germany). Intron/exon spanning primers were designed from the respective GenBank sequences using VectorNTI software (Invitrogen) based on minimal hairpin, duplex formation and guanine cytosine composition. List of primers used in this study is given in Table 4 . The synthesized cDNA then was used as a template for qRT-PCR using the innuMIX qPCR MasterMix SyGreen and qTower 2.0 (Analytik Jena, Jena, Germany). The cycling conditions used for amplification were 95 • C for 2 min, 40 cycles of 95 • C for 5 s and 65 • C for 25 s. Later, the expression of all genes was normalized to the expression of the corresponding housekeeping gene, GAPDH. The relative amount of target mRNA in the unstimulated control cells and BMP7 treated cells was analyzed using the ∆∆Ct method, as described previously [124] .
Immunofluorescence
Human primary SFs grown on glass coverslips were fixed with 4% paraformaldehyde for 10 min after washing with PBS and then permeabilized with PBS containing 0.1% Triton X-100 (Sigma-Aldrich, Munich, Germany) for 30 min. Fixed and permeabilized cells were then incubated with primary antibodies for intracellular staining. All primary antibodies in this study were used at 1:100 dilutions in PBS containing 0.1% Triton X-100 with 2% FCS and incubated for 60 min at room temperature. The cells were then washed with PBS before adding secondary donkey anti-mouse IgG (H+L)-Alexa Fluor 488 (diluted 1:50) or donkey anti-rabbit IgG (H+L)-Cy3 (diluted 1:100) and incubated at room temperature for another 60 min. Later, cells were washed 3 times with PBS and mounted in mounting medium (Vector Labs, Eching, Germany) containing 4,6-diamidino-2-phenylindole (DAPI). During immunostaining, cells stained with only secondary antibodies and did not show any specific staining served as a control. Cells were observed under a Nikon confocal fluorescence microscope equipped with digital camera (Nikon Eclipse E400 with D-Eclipse C1) and all images were taken from a single plane through the cell monolayers with 40× objective using the same settings.
Immunoblotting
Corneal epithelial or SFs monolayers were washed with PBS and lysed in RIPA buffer (Sigma-Aldrich, Munich, Germany) containing protease and phosphatase inhibitors (Roche, Mannheim, Germany). Equal amounts of total cell lysates (30 µg protein per lane) were loaded into the wells and separated by SDS-PAGE using 10% Mini-PROTEAN ® TGX™ precast gels (Bio-Rad, Munich, Germany) and transferred onto PVDF membranes (Bio-Rad, Munich, Germany). Later, membranes were blocked with 5% non-fat dry milk (Carl Roth, Karlsruhe, Germany) in Tris-buffered saline with Tween-20 (Sigma-Aldrich, Munich, Germany) (TBS-T) for 30 min and incubated with respective primary antibodies (diluted 1:1000) overnight at 4 • C. After washing 3 times with TBS-T, membranes were incubated with secondary HRP-conjugated anti-rabbit or anti-mouse IgG (diluted 1:2500) for an additional 1 h at room temperature and developed to visualize protein bands using the enhanced chemiluminescence detection system (Amersham). During quantification, optical density of each protein band was normalized to the corresponding β-actin or GAPDH band. Quantification of the blots was performed using ImageJ software [125] .
Scratch Assay
Migration of corneal epithelial cells was assessed by performing an in vitro scratch assay in which a linear scratch midline was made across the bottom of the dish on a confluent monolayer of epithelial cells using a 200 µL sterile pipet tip. After that, cells were rinsed gently with PBS to remove any remaining cell debris. KGM-Gold™ medium deprived of growth factors was used during the scratch assay. BMP7 was used at a concentration as mentioned earlier with fresh medium. Later, pictures were taken at 10× magnifications using a microscope equipped with Moticam10 digital camera at time points 10 and 24 h. Epithelial cell migration across the scratch line was then quantified by counting the cells invading the central scratch area in either the control or the BMP7 treated culture dish. The cell number was later represented for both conditions in each sample.
Statistical Analyses
Bar charts and line plots were generated using means and the standard deviation. Student's t-test was used for the comparison between two groups and p-values of <0.05 were considered statistically significant and are indicated by asterisks. 
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